Electrochemical reactions in electrospray may affect the electrospray ionization mass spectrometry (ESI-MS) detection of the analytes. During ESI-MS analysis of 2,3 0 -bisindolylmethanes in the positive-ion mode, when methanol or acetonitrile was used as the solvent, electrochemical oxidation products as the dehydro and radical cations were observed. Lower sample introduction rates tended to result in a higher oxidation ratio of 2,3 0 -bisindolylmethanes. The ESI-MS experiments of 2,3 0 -bisindolylmethanes in different acetonitrile/methanol solvent mixtures indicated that abundant H + , Na + or K + would facilitate the adduct formation process, and otherwise electrochemical oxidation dominated the ionization process. Additionally, when dichloromethane was used as the solvent, [M À 3H] + , [M À 2H] + c and [M À 3H + O] + ions are the predominant ions, and the experimental results revealed that the dehydrogenation and oxidative dehydrogenation reactions of 2,3 0 -bisindolylmethanes in dichloromethane are electrochemical reactions.
Introduction
Electrospray ionization (ESI) is one of the most prominent techniques to accomplish the transfer of analytes from solution to the gas phase under atmospheric pressure. Electrospray ionization mass spectrometry (ESI-MS) can deal well with medium polar to ionic molecules, and has been widely used in the elds of organic, medicinal and biological chemistry, etc. In general, quasi-molecular ions [M + H] + , [M + Na] + and [M + K] + in positive-ion mode, and [M À H] À , [M + Cl] À and [M + HCOO] À in negative-ion mode are observed in ESI-MS. 1, 2 In an ESI source, an electrospray plume is produced by applying a potential difference of AE3-6 kV, and the electrospray can be considered as an electrochemical cell. [3] [4] [5] [6] The occurrence of electrochemical redox reactions in ESI source may result in several unexpected ions, such as radical ions, [M À H] + , [M + H] À ions, and so on. Certain unpredictable electrochemical reactions may make mistakes on the molecular weight of the analytes and even make the mass spectral background complicated, leading to false qualitative and quantitative analysis. 7 Several strategies have been proposed to reduce these undesirable electrochemical reactions during the ESI-MS analysis. [8] [9] [10] [11] Furthermore, appropriate electrochemical redox reactions might also be utilized to improve the detection sensitivity of the analytes with poor ESI response using conventional analytical methods. For example, it is difficult to generate stable [M + H] + and [M À H] À ions from halobenzoquinones during ESI process, however, M À c and [M + H] À ions are detected with high abundance, which was developed to determine trace levels of halobenzoquinones in water samples. 12, 13 Therefore, the investigation of the electrochemical reactions in ESI source is of scientic signicance.
There are various factors that affect the electrochemical processes in the ESI source, including the chemical properties of the analytes, the solvent system 14 and the ESI source conditions, etc. In our previous report, 2,3 0 -bisindolylmethanes were analyzed using ESI-MS positive-ion mode with methanol as the solvent, and electrochemical oxidation products as [M] + c and [M À H] + ions were observed. 15 While using dichloromethane as the solvent, unexpected [M À 3H] + , [M À 2H] + c and [M + 13] + ions were generated. Herein, the factors that affect the oxidation of 2,3 0 -bisindolylmethanes during the electrospray process were investigated.
Experimental
High-performance liquid chromatography-grade methanol and acetonitrile were procured from J&K Scientic Ltd. (Beijing, China). High-performance liquid chromatography-grade dichloromethane and dichloromethane-d 2 were purchased from Chengdu Kelong Chemical Co., Ltd. (Chengdu, China) and Cambridge Isotope Laboratories (Andover, MA, USA), respectively. The 2,3 0 -bisindolylmethanes (compounds 1-4 shown in Scheme 1) were obtained from Guo's laboratory. 16 MS experiments were performed on a quadrupole time-of-ight (QTOF) mass spectrometer (Bruker Impact II, Bremen, Germany). The mass resolution was about 59 500 FWHM (full width at half maximum) at 1222 u. High-purity nitrogen was used as the nebulizer, dry gas and collision gas. The conditions of ESI source in positive-ion mode were as follows: capillary voltage, 4500 V; end plate offset, 500 V; nebulizer, 0.4 bar; dry gas, 4.0 L min À1 and the dry gas temperature, 180 C. The sample solution was introduced at a rate of 180 mL h À1 by a peristaltic pump. The mass data were processed by Bruker Compass Data Analysis 4.4.
Results and discussion
Several 2,3 0 -bisindolylmethanes (Scheme 1) were analyzed using ESI-MS in positive-ion mode under various detecting conditions. Similar results were obtained for all compounds, and compound 1 was selected as a representative compound for the following discussion. Its full-scan mass spectra obtained by adopting different spray solvents were shown in Fig. 1 .
Solvent: methanol
When methanol was used as the solvent, as shown in Fig. 1(A) , the dehydro cation at m/z 423, the radical cation at m/z 424, the sodium adduct ion at m/z 447 and the potassium adduct ion at m/z 463 were observed. Notably, Fig. 1(B) revealed that the dehydro and radical cations were basically immune to H 2 O in solvent. In fact, both of the dehydro and radical cations could be regarded as the oxidation species of compound 1 in the ESI source. Herein, oxidation ratio is used to describe the degree of oxidation of compound 1 in ESI-MS, which was dened as the ratio of the signal intensity of the oxidation species to that of all ions derived from compound 1, including [M + H] + , [M + Na] + and [M + K] + as well as the dehydro and radical cations.
The effect of the sample introduction rate on dehydro and radical cations was investigated, and as shown in Fig. 2(A) , the corresponding oxidation ratio decreased gradually with the increase of the sample introduction rate. Obviously, lower sample introduction rate prolonged the contact time between the analyte solution and the surface of the metal capillary, contributing to electrochemical oxidation reaction. Generally, increasing ionization voltages tended to promote the electrochemical oxidation reaction, and the effect of capillary voltages on oxidation ratio was also implemented. As shown in Fig. 2(B) , the oxidation ratio increased slightly with the capillary voltage from 3.5 to 5.5 kV, followed by a sudden rise when the capillary voltage reached 6.0 kV.
Solvent: acetonitrile
When acetonitrile was used as the solvent, the dehydro and radical cations were observed with highest abundance in the full-scan mass spectrum, while the peaks of adduct ions including [M + H] + , [M + Na] + and [M + K] + were almost invisible for compound 1 (see Fig. 1(C) ). Interestingly, two new peaks at m/z 421.1702 and m/z 422.1768 were also detected, identied as C 31 H 21 N 2 and C 31 H 22 N 2 , respectively. By comparison with the full-scan mass spectrum of blank acetonitrile, the ion peaks at m/z 421 and m/z 422 in Fig. 1(C) were conrmed as two other oxidation products from compound 1, [M À 3H] + and [M À 2H] + c, respectively. Comparing Fig. 1(A) and (C), it was easy to nd that the spray solvents, methanol and acetonitrile, have signicant inuence on the proles of mass spectra of compound 1.
Solvent mixture: methanol & acetonitrile
To gain more insights into the solvent effect on electrochemical reactions for compound 1 in the ESI source, the ESI-MS experiments of compound 1 in mixed solvents with different volume ratios of methanol/acetonitrile were carried out. As the methanol proportion of the mixed solvent rose, the oxidation ratio of compound 1 decreased, as shown in Fig. 3 , revealing that the compound 1 in acetonitrile was more easily oxidized than that in methanol. Essentially, in the positive ion mode of ESI-MS, compound 1 can be charged through eight possible pathways in the electrospray process (Scheme 2(B) ). Pathways i-v are electrochemical oxidation processes, while pathways vi-viii are adduct formation processes. Compared with acetonitrile, methanol contains more Na + or K + , 17 and the adduct formation processes are the main ionization paths of compound 1 with methanol as the spray solvent during the electrospray ionization process. This indicates that if the spray solvent contains less ionic species, compound 1 may be easily ionized through electrochemical oxidation processes. In order to verify this speculation, the effect of K 2 CO 3 addition on the abundance of [M À H] + at m/z 423 for compound 1 with acetonitrile as the solvent was investigated (Fig. S4 †) . The relative abundance of [M À H] + at m/z 423 decreased as the content of K 2 CO 3 increases.
Solvent: dichloromethane
Dichloromethane is used extensively in organic synthesis and separations, and therefore the ESI-MS experiments of 2,3 0bisindolylmethanes with dichloromethane as the solvent were also carried out. As shown in Fig. 1(D) , similar ion peaks at m/z 421 and m/z 422 were also observed with high abundance in the full-scan mass spectrum of compound 1. Additionally, an unexpected ion at m/z 437 was observed with very high abundance, and high-resolution observation of the peak (m/z 437.1648) suggests C 31 H 21 N 2 O (Table S2 † , and their detail fragmentation pathways were shown in Scheme S1. † Moreover, in the ESI-MS analysis of compounds 2-4, similar phenomena were also observed. These experimental phenomena revealed that compared to acetonitrile and methanol, compound 1 (C 31 H 24 N 2 ) in dichloromethane tended to more easily generate C 31 H 22 N 2 and C 31 H 22 N 2 O through dehydrogenation and oxidative dehydrogenation reactions, respectively. Although the oxidation reaction of compound 1 proceeded thoroughly in both acetonitrile and dichloromethane, compound 1 was more easily dehydrogenated in dichloromethane during the electrospray process. Compared with acetonitrile, dichloromethane has lower polarity, and thus for compound 1, low polar solvent may facilitate dehydrogenation.
During the ESI process, there are two main factors that may lead to the dehydrogenation or oxidative dehydrogenation reaction of compound 1 in dichloromethane, i.e., hightemperature drying gas and high needle voltage. When the electrospray needle voltage was maintained at 4.5 kV, as the drying gas temperature increased from 50 to 350 C, insig-nicant changes in abundance of m/z 421, m/z 422 and m/z 437 ions were observed. Furthermore, the nuclear magnetic resonance (NMR) experiments with dichloromethane-d 2 (Fig. S4 , ESI †) as the solvent indicated that the structure of compound 1 did not change in dichloromethane. Therefore, the dehydrogenation and oxidative dehydrogenation reactions of compound 1 in dichloromethane should be involved in electrochemical reactions during the electrospray ionization process. 
Conclusions
In this study, the oxidation of 2,3 0 -bisindolylmethanes during electrospray ionization mass spectrometry (ESI-MS) in positive ion mode was investigated. The signal intensity of the dehydro and radical cations from compound 1 decreased as the proportion of methanol in different acetonitrile/methanol solvent mixtures increased, revealing that ionic species, such as H + , Na + or K + , in the solvent would facilitate the adduct formation process, and otherwise electrochemical oxidation dominated the ionization process. When dichloromethane was used as the solvent, the dehydrogenation and oxidative dehydrogenation reactions of 2,3 0 -bisindolylmethanes were involved in electrochemical reactions in the electrospray. This work permits us to highlight the importance of investigation of electrochemical transformations occurring in the electrospray emitter, which is helpful for understanding the ionization process of electrospray ionization. Moreover, and electrospray may be employed as an electrolytic ow cell to promote several chemical reactions.
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